I. INTRODUCTION
Improvements in cost and performance of Si photovoltaic technology is critical for realizing future sustainable energy systems. Si Heterojunction solar cells based on crystalline Si (c-Si)/amorphous Si (a-Si) junctions are an attractive possibility in that direction. Heterojunction solar cells combine the high efficiency of crystalline silicon (c-Si) with the low temperature deposition technology of amorphous silicon (a-Si). Since Sanyo announced a record conversion efficiency of 22.3% in 2006 [1] - [2] using a so-called Heterojunction with Intrinsic Thin layer (HIT) solar cell structure, many research groups have worked on Si heterojunction devices [3] - [5] . Recently Panasonic demonstrated a world-record conversion efficiency of 25.6 % [6] based on the HIT cell using a back contact cell structure. Recently, attempts have been reported to replace the a-Si with others wider bandgap materials on c-Si such as MoO 2 [7] , GaP [8] , and SiC [9] to further improve performance. While the operation of conventional c-Si solar cells is well understood, the exact role of a-Si (or other heterojunction material) in improving performance, and the details of transport through this layer are still an area of active research. Part of the difficulties are due to the disordered nature of the heterolayer material, and what the role of defects and defect related transport are in limiting performance. Here we report on modeling results obtained using the commercial simulator Sentaurus [11] , to investigate the performance of Si heterojunction cells. In particular, we focus on the role of the heterojunction band offsets, barrier heights, and the defect distribution in the a-Si layer, in terms of the current voltage characteristics and related performance.
II. MODEL DESCRIPTION
In the present work, we used the commercial software tool Sentaurus, part of the Synopsys TCAD package, an advanced physically based multidimensional device simulator capable of simulating electrical, thermal, and optical characteristics of silicon-based and compound semiconductor devices. While the c-Si material parameters are readily available within Sentaurus, it was necessary to create a model for amorphous silicon (a-Si) based on literature values. Here we assumed a bandgap of 1.72 eV, an electron affinity 3.9 eV, and carrier mobilities for holes and electrons of 1 and 5 cm 2 /Vs respectively for a-Si as the base model. The band tail and dangling bond defect definitions were described as described in [3] . The indium tin oxide (ITO) transparent electrode is treated explicitly in the simulation as a wide bandgap, heavily doped (degenerate) semiconductor, with a bandgap of 3.6 eV, an electron affinity as 4.5 eV and the complex refractive index were taken from [4] . The optical reflection, transmission and absorption in each layer of the structure are calculated using the ray tracing model within Sentaurus, while the complex refractive indices of a-Si are taken from literature, and depend whether the a-Si is doped or intrinsic. To obtain currentvoltage characteristics, quasi-stationary simulations were performed, where the voltage is changed from 0 to 0.8 Volt and the Poisson and continuity equations are solved at all points of the 2D mesh structures. The drift and diffusion model within Sentaurus is used, including thermionic emission and tunneling at the interfaces.
III. STRUCTURE OF THE HIT SOLAR CELL
The standard HIT cell layer structure simulated here is shown schematically in Fig. 1 consisting of a highly n-doped indium tin oxide (ITO) window layer, n doped a-Si, intrinsic a-Si, p doped c-Si, p doped a-Si and intrinsic a-Si. The metal contacts are not explicitly simulated and an ideal ohmic contact is assumed. The contact on the rear is made of heavily doped a-Si and the combination of intrinsic a-Si and doped aSi layers act as back surface field, providing excellent rear surface passivation. The intrinsic layer in the front is a buffer layer which improves the open circuit voltage by providing a layer of substantially reduced defect density at the heterointerface between a-Si and c-Si. An Air Mass 1.5 global (AM 1.5G) spectrum was used as the incident solar irradiation. Carrier photogeneration was modeled using a ray tracing model as described in Section II, and the driftdiffusion model was used for carrier transport. Physical parameters such as material´s bandgap, charges carrier mobility, surface recombination velocity, trap capture cross section, distribution of tail states in the a-Si and dangling bond of the a-Si, were taken from literature while others material parameters were default values. The defects in amorphous silicon can be divided into two types: band tail states and dangling bond states. The defect states in intrinsic a-Si consists of two exponential tail states, one each of an acceptor and a donor type defect that varies as (1) where N o is the concentration of the defects, E 0 is the energy from band edge (for acceptor/donor type the distance from conduction/valence band) and E s is the characteristic width of the band tail. The dangling bonds are modelled with two gaussian (acceptor and donor type) mid-gap states of dangling bonds.
(2)
The cross section for these defect are set 1×10 -16 and 1×10 for electrons and holes, respectively. Defect recombination was modelled in the bulk and at the surface with Shockley-Read-Hall (SRH) Auger recombination was taken into account for c-Si using the default model in Sentaurus (we discuss later the impact of more recent models). Intrinsic and doped a-Si have the same materials properties, the only difference being the defect concentration, which is two orders of magnitude higher in doped versus intrinsic aSi:H.
IV. EFFECT OF A-SI PROPERTIES ON PERFORMANCE
The equilibrium band diagram of the cell is shown in Fig. 2 . Here only the top interface region is shown. A fundamental property of the heterojunction is the band alignment at the interface and the relative position of the band edges of the constituent materials. In Fig. 2 , the band offsets are calculated according to the Anderson model, and the band diagram is similar to those reported in [5] . The doping, a-Si layer thicknesses and ITO thickness have been varied to achieve a best fit to high performance devices reported in the literature. For p-type devices (Fig. 1) , with a 5nm i-a-Si layer, a 5 nm p-a-Si, ITO 80 nm, and c-Si substrate thickness of 250 µm, a maximum power conversion efficiency (PCE) of 23.7% is obtained. Energy bandgaps, doping concentration, mobility, surface recombination velocity, thickness, electron affinity used in the simulation are listed in Table I . 
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In order to understand the role of the a-Si band structure and defect density on cell performance, we have varied the effective bandgap of the a-Si layer starting with this basic cell structure, while at the same time looking at the effect of the band offset appearing either in the conduction band or valence band in terms of the simulated performance. This variation may be in fact realized experimentally by varying the hydrogen content during growth, or utilizing different low temperature deposited materials (e.g. GaP, MoO 2 ), with different bandgaps and electron affinities. The main simulated effect of varying the bandgap and band offsets is in the open circuit voltage, as shown in Figs. 3 and 4. Fig. 3 shows the effect of the band alignment on the open-circuit voltage when the band offsets and barrier heights are changed artificially, while Fig. 4 shows the effect on the solar energy conversion efficiency. Three cases are considered: i) ΔE c = 0; the electron affinity of the a-Si was the same of c-Si (4.05 eV) and the energy gap was changed from the standard value (1.72 eV) to the c-Si value of 1.12 eV. This variation corresponds to lowering the valence band discontinuity from 0.15 eV to 0.
ii) ΔE v = 0; the valence band discontinuity is set to zero while electron affinity and the energy gap for a-Si was changed according to equation 3.
iii) ΔE Linear ; the electron affinity and the energy gap for a-Si was changed linearly from the standard value to c-Si values.
In Fig.3 , the far left side represents the limit of a homojunction solar cell with E g = 1.12 eV, while the furthest right (E g = 1.72 eV) corresponds to the full bandgap of a-Si. As can be seen, the open circuit voltage monotonically increases from 0.5 V (corresponding to a homojunction Si solar cell with a poor quality emitter since the full trap density of the a-Si is still incorporated), reaching finally 0.73 V, similar to that found in state of the art HIT cells. For no conduction band offset, or with linearly graded conduction band offsets, the trend is the same. However, for the case that all the of the band offset appears in the conduction band, there is a degradation of the open circuit voltage which corresponds to photocurrent suppression (electrons are the minority carry for this p-type base solar cell), results in a non-ideal 'Sshaped' I-V characteristic. From Figs. 3 and 4 we observed that the performance of the cell depends not only on the value of the energy gap itself, or of the electronic affinity of the various layers, but also on their coupling, or rather how they determine together the performance of the solar cell Therefore, from this study, possible alternatives to the a-Si layer may be considered, such as III-V materials, transition metal oxides, or SiC, and the effect on performance quantified. The quality of the a-Si layers specially on the top (emitter and buffer) layers and at the interface between the aSi and c-Si have significant influence on V oc , where the recombination velocity is fixed at 100 cm/s and, the transport mechanism is the thermionic emission and the direct tunneling. Fig. 3 .
Dependence of the open circuit voltage varying on the band offsets. 21 /cm 3 . At high enough density, then, the dangling bonds provide an effective recombination path and effectively increase the effective surface recombination velocity. Normally, the insertion of an a-Si layer between the c-Si and ITO serves as a buffer layer that creates a surface passivation and avoids the creation of interface defects, due to the large lattice mismatch between ITO and c-Si. It also prevents tunneling and reduces the 978-1-4799-7944-8/15/$31.00 ©2015 IEEE minority carrier recombination at the interface while improving the power conversion efficiency due to the increase in the open circuit voltage (V oc ). Our simulations show that the most important defects are the dangling bond states, which are continuously distributed with gaussian distribution localized near midgap. They act as effective recombination centers and are very sensitive to the growth conditions a-Si layers. In order to achieve a good performance with heterojunction solar cells, it is necessary to guarantee a very good passivation of the dangling bond in the doped amorphous emitter layer. Fig. 5 .
Effect of the defect dangling bond states of the a-Si on the device performance. The inset shows the illuminated IV curve.
V. EFFECTS OF AUGER RECOMBINATION
Due to the high carrier lifetime in single crystal Si, Auger recombination is a limiting factor in the cell performance, particularly in terms of V oc . In Sentaurus, the default rate of band-to-band Auger recombination is given in by (4) This traditional model for Auger recombination gives good agreement with highly doped silicon (generally for doping greater than 5x10 18 ), but for lower doping concentrations the predicted lifetimes exceed the experimental measured (our case the doping used in c-Si is only 5x10 15 ). For this reason we used a more accurate quantitative description of the Auger recombination rate [10] . In Fig. 6 we compare our solar cell structure simulated with the default Auger model from Sentaurus (red curve) and with the improved Auger recombination model (green curve) from [10] , respectively. Utilizing the new Ritcher model, higher voltage and higher power conversion efficiency has been found, due to reduced recombination in the in the c-Si bulk layer (base) and we observed that the open circuit voltage is improved from 0.725 to 0.747 Volt and the power conversion efficiency increases from 23.8 to 24.3%. 
VI. STRUCTURAL OPTIMIZATION OF PERFORMANCE
We varied the thickness of intrinsic hydrogenated amorphous Si layer to study its effect on the efficiency of the HIT cell structure from the previous sections. The doping concentration and the thickness of different layers in the HIT cell strongly influence the performance. Here we varied the thicknesses and doping concentration of the emitter, buffer, absorber, and the BSF layers. In Fig.7 , we show the I-V characteristics with different c-Si substrate thicknesses, and how the open circuit is influenced by the thickness. As can be seen, the open circuit voltage increases with decreasing thickness in this highly passivated structure, while the short circuit current decreases slightly, as expected. The variation of V oc as a function of the absorber layer thickness is shown in Fig.8 . While V oc monotonically increases with decreasing base thickness, the fill factor (FF) is almost constant (86%). Good performance is obtained with a thickness of c-Si around 100 μm, where we found 0.752 V; 37.5 mA/cm 2 ; 86.3% and 24.4% for V OC , J SC , FF and η respectively. Choosing the base layer thickness to be 100 µm for optimum performance, we performed an analysis of the impact of defects for the emitter and buffer layer separately. In both cases, the concentration of bandtail states was assumed to be C = 1x10 18 cm -3 , and we changed the concentration of dangling bonds. In Fig.9 we plot the cell current-voltage characteristics for different dangling bond concentrations, while in Fig.10 we show the dependence of the open circuit voltage on the dangling bond concentration. Similar simulations were performed in the buffer layer as shown in Figs.11 and 12 respectively. There it is possible to see that the open circuit voltage of the device is more sensitive to dangling bond concentration in the buffer layer than in the emitter layer. These results show that it is important to reduce the number of dangling silicon bonds at the top surface by using a "passivating" layer on the top surface. This passivation is experimentally possible, as the dangling bond defect very sensitive to various fabrication conditions. In Fig.13 , we show the best current-voltage characteristic after device optimization, corresponding to J sc = 37.7 mA/cm 2 , V oc = 0.75 V, FF = 87.3 % and η= 24.8 %. 
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VII. SUMMARY
We have investigated the performance of Si heterojunction solar cells using Sentaurus simulation, looking specifically at the role of the band offsets, and trap density in the a-Si layer. Previous studies have focused only on the carrier transport mechanism and the optimization of structure, while we have also analyzed the influence of the concentration of defect states of a-Si and studied the role of their strong impact on the performance of the device. The results show that band bending and band offsets affect the transport of minority carriers and hence influence the performance of a-Si/c-Si heterojunction solar cell. Further improvements in cell performance require increasing the built potential and the band bending, especially in the emitter layer. The open circuit voltage in HIT cell structures appears to be maximized with respect to the choice of barrier materials, where increasing band tailing eventually reduces the open circuit voltage and degrades performance. Our results have an implication on the device design of a-Si/cSi heterostructure solar cells, suggesting a better quality of aSi (or the materials that can replace it) as key parameter to further improve the performance for heterojunction solar cells.
